We present a systematic numerical study of plasmon resonance of the nanocrescent. We show that by varying the nanocrescent geometry, the plasmon resonance peak can be tuned into the near-infrared and local field enhancement can be increased significantly, with maximum enhancement of the electric field amplitude of approximately 100 for realistic geometric parameters. Because of its wide tunability, high local field enhancement, and geometry which utilizes both sharp features and intra-particle coupling, the nanocrescent is a structure well suited for in vivo cellular imaging as well as in vitro diagnostic applications.
Introduction
The theory of surface plasmon resonance (SPR) in spherical metallic nanoparticles has been known for over 100 years, following Drude's model of the motion of free conduction electrons in a metal [1] [2] [3] and Mie's solution of Maxwell's equations for the scattering of metal and dielectric spheres [4] . Recently, SPR in metal colloids has seen a resurgence of interest, owing in part to a host of promising applications, including surface enhanced Raman spectroscopy (SERS), enhanced fluorescent emission, and plasmonic resonance energy transfer (PRET) [5] .
For in vivo biological applications, an ideal plasmonic structure must exhibit plasmon resonance in the near-infrared (NIR) regime [6] , and must be mobile, robust, non-toxic, manufacturable, and produce high local field enhancement within a single probe. While nanospheres or nanoshells may meet all but the last requirement, the local field enhancement of these structures can be orders of magnitude lower than for structures which utilize plasmon coupling.
Inter-particle plasmon coupling has shown to be significant between structures such as spheres [7] , cylinders [8] , rods [9] , triangles [10] , and squares [11] . However, such structures strongly rely on a several nanometer distance (nanogap) between two or more particles, which is difficult to control, especially when particles are not affixed to a substrate. High local field enhancement in single particles has been achieved primarily by means of sharp features, such as triangles [12] and bar-or rice-shaped structures [13] .
The nanocrescent is a structure utilizing both plasmon coupling and sharp features. The structure has been shown to produce high local field enhancement as well as some plasmon resonance tunability, and a basic physical understanding of plasmon resonance of the nanocrescent as well as fabrication methods have been described previously [14] [15] [16] [17] . However, several important questions remain: what is the extent of the plasmon resonance tunability of the nanocrescent, and how does geometry affect plasmon resonance? In addition, what are the critical features necessary to obtain high local field enhancement? We elucidate these issues in this paper.
Model
The geometry of the nanocrescent, shown in figure 1 , is defined by four parameters: an outer radius r o ; an inner radius r i ; the center-to-center distance between the circles (cavity offset) d; and the fillet radius of the sharp tips s. Two distinct geometries bear the title nanocrescent: the geometry resulting from extruding figure 1(b) out of the page, and the geometry resulting from revolving the same figure about the vertical axis. The 'revolved' nanocrescent shown in figure 1(a) was fabricated by depositing a thin gold layer on polymer nanospheres at certain angles, followed by dissolution of the polymer, as described elsewhere [14] . We consider a 2D gold nanocrescent present in free space (vacuum) with a transverse magnetic (TM) plane wave incident at an angle θ measured from the vertical axis. We assume the relative permeability of gold μ r = 1 and the complex permittivity to be a function of wavelength [18] . A finite element model was developed using the commercial software COMSOL to solve over the domain of interest the time-harmonic Maxwell equations, which reduce to the Helmholtz equation [19] . The domain consisted of the 2D nanocrescent, a region of free space (greater than half the free-space wavelength) surrounding the nanocrescent, and a perfectly matched layer (PML) to eliminate nonphysical reflections at the domain boundaries [20] . Scattering boundary conditions were used to further eliminate nonphysical results. An adaptive mesh was used, and the mesh was refined until the maximum electric field converged. We selected the finite element method primarily because of the ability to adaptively mesh, and because it has been shown to be advantageous over the finite difference time domain (FDTD) method for complex geometries [21] .
We briefly note that we have observed the local field distribution for 3D (i.e. 'revolved') nanocrescents to be similar to that of nanocrescents in 2D, with the high local field enhancement extending around the sharp edge in 3D. We have found that the 3D nanocrescent follows trends similar to those discussed in this paper; however, a rigorous parametric study of 3D nanocrescents is not feasible at this time using this method, due to the intense computation required.
Results and discussion
Unless otherwise noted, we have chosen a nanocrescent with the parameters r o = 70 nm, r i = 50 nm, d = 40 nm, s = 1 nm, and θ = 0
• . In all cases we compute the maximum electric field enhancement, defined as the ratio of the maximum value of the electric field amplitude | E| max to the amplitude of the incident field | E i |. The maximum field enhancement occurs at the tips of the nanocrescent in all cases we have studied.
We first consider varying the outer radius r o of the nanocrescent and incident free-space wavelength λ 0 , while keeping the other parameter ratios fixed. Thus, all geometric parameters can be linearly scaled, resulting in a change in the overall size of the nanocrescent while keeping its relative geometry fixed. In this way, we observe how the plasmon band of the nanocrescent varies with the nanocrescent size as shown in figure 2. The resonance peak of the nanocrescent is redshifted as the nanocrescent size increases, and the relationship is roughly linear. The red-shift is also accompanied by a broadening of the peak, and is consistent with the size-effect observed in gold nanoparticles [22] , and is also consistent with recent experimental studies [23, 24] . Physically, the peak resonance is characterized by resonant coupling of the sharp tips, inner cavity edge, and outer edge.
Significant plasmon band tuning can also be seen by varying the cavity offset d, keeping the other parameters constant. As shown in figure 3 , by decreasing d, the plasmon resonance peak can be brought well into the NIR regime. Varying d affects the tip-to-tip distance of the nanocrescent, and as d is reduced, dipole-like coupling increases between the tips ( figure 3(b) ). This result is consistent with experimental results showing in increased resonance for decreasing tip-totip distance [24, 25] . We also note that varying d has the effect of changing the thickness of the nanocrescent shell, and tuning in this manner might be thought of as analogous to plasmon resonance tuning in metallic nanoshells [26, 27] . Since high enhancement can be achieved for fairly large tip-totip distances (e.g. 50 nm in figure 3(b) ) and enhancement does not increase significantly as the distance is reduced, we deduce that it is tuning the shape to allow resonant coupling between the inner and outer edges, as well as the tips, that dominates this phenomenon.
Varying the inner radius r i has comparatively little affect on the plasmon band, as shown in figure 4. However, decreasing r i reduces the tip-to-tip distance, increasing coupling between the tips, and affecting the field distribution ( figure 4(b) ). Physically, one would expect the optimum wavelength for the dipole-like resonance between the tips to depend on their distance; specifically, a red-shift is expected as the distance is reduced, as can be observed in figure 4 . We consider even closer tip-to-dip distances in the following discussion.
In experimental practice, it is difficult to fabricate nm and sub-nm sharp features such as the tips of the nanocrescent. For this reason, we considered the effect of varying the fillet radius of the sharp tips, s. As shown in figure 5 , varying the fillet radius does not significantly affect the plasmon band; thus, we expect the plasmon resonance of the nanocrescent is fairly robust with respect to the tip sharpness. The maximum field enhancement, however, can be increased significantly as s decreases, especially below 1 nm. We have observed the phenomenological relationship | E| max /| E i | = a + b s −1/2 , where a and b are constants which depend on the wavelength and geometry. As can be seen in figures 5(b) and (c), the field enhancement remains highly localized near the sharp tips. While increasing the sharpness of the tips increases the 'lighting rod' effect, thus increasing enhancement in close proximity to the tips, it has little affect on the dipolelike coupling between the tips or cavity. We note that the multiple nodes for resonant coupling of the sharp tip noted previously [16] vanish for the more physical tip radii chosen here. • ). Figure 6 shows the result of varying the angle of incidence θ of the incoming plane wave. A splitting of the plasmon resonance peak is prominent when θ is between 90
• and 135
• , agreeing with earlier results [16] . It is clear from figures 6(b) and (c) that non-normal incidence induces a significant asymmetry in the local field distribution, caused by the asymmetry of the nanocrescent itself. Such angle dependence is expected from the dipole-like nature of the coupling modes. For example, for θ = 90
• , the driving field is perpendicular to the dipole coupling of the tips, so one would expect a reduced enhancement near this regime, as is indeed seen in figure 6 . Finally, we adapted our model to allow consideration of smaller tip-to-tip distances of the nanocrescent as follows: we fixed r o = 70 nm, r i = 50 nm, and d = 15 nm, which produces a small circle completely inside of a larger circle. We then made a rectangular cut (and rounded the edges with a radius of 2 nm) such that the tip-to-tip distance t can be precisely chosen. We then observed the effect of varying t, as shown in figure 7 . As t becomes less than 10 nm, strong coupling occurs between the tips and high local field enhancement occurs, concentrated in a small region near the tips. Interestingly, high local field enhancement can also be achieved in the NIR for larger t, and a physically larger region of enhancement occurs near the nanocrescent. This high local field enhancement for two different geometries can be explained by the multiple modes of resonance of the nanocrescent [17] : for close tip-to-tip distances, the lightning rod effect and tip-to-tip coupling result in large field enhancement that is highly localized, while for larger tip-to-tip separations, tip, cavity, and surface coupling result in a physically broader region of field enhancement. This result emphasizes that while decreasing the tip-to-tip distance can increase enhancement for a wide range of wavelengths, resonance at a particular wavelength can be achieved by tuning the remaining geometric parameters, due to the multiple modes of plasmon resonance that can occur in the structure.
Conclusion
In summary, we have observed that plasmon resonance of the nanocrescent is highly tunable: by varying the overall nanocrescent size or by varying the position of the cavity, the plasmon resonance can be brought into the NIR regime. Local field enhancement can be maximized by decreasing the inner radius, and by increasing the sharpness of the tips, and maximum enhancement | E| max /| E i | ≈ 100 for realistic geometric parameters. Varying the angle of incidence can cause splitting of the plasmon resonance peak, and also induces an asymmetry in the local field distribution. Finally, small tipto-tip distances result in highly localized field enhancement for a broad range of wavelengths, but comparable enhancement for a specific wavelength can also be achieved by tuning the overall structure such that multiple mode resonance occurs.
